Background: To date, no genome-wide association study (GWAS) has considered the combined phenotype of asthma with hay fever. Previous analyses of family data from the Tasmanian Longitudinal Health Study provide evidence that this phenotype has a stronger genetic cause than asthma without hay fever. Objective: We sought to perform a GWAS of asthma with hay fever to identify variants associated with having both diseases.
Methods: We performed a meta-analysis of GWASs comparing persons with both physician-diagnosed asthma and hay fever (n 5 6,685) with persons with neither disease (n 5 14,091). Results: At genome-wide significance, we identified 11 independent variants associated with the risk of having asthma with hay fever, including 2 associations reaching this level of significance with allergic disease for the first time: ZBTB10 (rs7009110; odds ratio [OR], 1.14; P 5 4 3 10 29 ) and CLEC16A (rs62026376; OR, 1.17; P 5 1 3 10 28 ). The rs62026376:C allele associated with increased asthma with hay fever risk has been found to be associated also with decreased expression of the nearby DEXI gene in monocytes. The 11 variants were associated with the risk of asthma and hay fever separately, but the estimated associations with the individual phenotypes were weaker than with the combined asthma with hay fever phenotype. A variant near LRRC32 was a stronger risk factor for hay fever than for asthma, whereas the reverse was observed for variants in/near GSDMA and TSLP. Single nucleotide polymorphisms with suggestive evidence for association with asthma with hay fever risk included rs41295115 near IL2RA (OR, 1.28; P 5 5 3 10 27 ) and rs76043829 in TNS1 (OR, 1.23; P 5 2 3 10 26 ). Conclusion: By focusing on the combined phenotype of asthma with hay fever, variants associated with the risk of allergic disease can be identified with greater efficiency. (J Allergy Clin Immunol 2014;133:1564-71.)
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The comorbidity between asthma and rhinitis (or hay fever) is well established 1, 2 and might be a consequence of a causal relationship 3, 4 or a shared cause. 5, 6 Consistent with the latter hypothesis, results from twin and family studies have estimated that both diseases share 50% to 90% of their genetic susceptibility and 20% to 50% of their environmental susceptibility. 7, 8 Genome-wide association studies (GWASs) are a proved approach to discover genetic variants associated with asthma and hay fever. To date, GWASs have identified variants in 18 loci for which there are genome-wide significant associations with asthma, 9 including ORMDL3, 10-15 PDE4D, 16 DENND1B, 17 HLA, 11, 15, [18] [19] [20] [21] IL33, 11, 12, 15 IL1RL1, 11, 12, 15, 20 SMAD3, 11, 15 IL2RB, 11 SLC30A8, 18 PYHIN1, 12 TSLP, 12,15 GAB1, 19 IKZF4, 19 10p14, 19 LRRC32, 14, 15 IL6R, 14 RORA, 20 and TLR1. 15 Two GWASs of hay fever have been published recently, 22, 23 with one variant in the LRRC32 region being genome-wide significant. 22 In addition, Hinds et al 15 reported that 11 of 23 variants discovered in a GWAS of self-reported allergy were also associated with hay fever risk at the genome-wide significance level, including those in or near TLR1, TSLP, LRRC32, IL1RL1, HLA-DQA1, HLA-C, PLCL1, LPP, IL33, SMAD3, and ETS1. Therefore, to date, variants in 7 loci (TLR1, TSLP, LRRC32, IL1RL1, HLA, IL33, and SMAD3) have been established as risk factors for both diseases, but many more shared risk variants remain to be identified. On the basis of analyses of family data from the population-based Tasmanian Longitudinal Health Study, 24 we hypothesized that by performing a GWAS that explicitly considers the combined phenotype of asthma with hay fever we can substantially improve power to detect genetic risk factors shared between both diseases.
We found that considering asthma and hay fever as 3 mutually exclusive phenotypes was informative; the strengths and the familial aspects of their relationship with eczema in infancy differed across the 3 outcomes. 24 Specifically, the childhood disease associations with infantile eczema were more pronounced and more likely to have a causal component for asthma with hay fever (A1H1) than for hay fever without asthma (A2H1) and asthma without hay fever (A1H2).
Therefore we estimated familial associations separately for the 3 phenotypes. For phenotype A1H1, we found strong associations between first-degree relatives, with odds ratios (ORs) for sibling, mother-offspring, and father-offspring pairs of approximately 6, 5, and 3, respectively (all P < .0001). For phenotypes A2H1 and A1H2, the associations between first-degree relatives were also highly statistically significant but attenuated. For A2H1, they were approximately 4.5, 2.5, and 2, respectively, whereas for A1H2, they were approximately 3, 3, and 2, respectively. However, of potentially more importance for informing GWASs of the genetic causes of these phenotypes, there were also spousal associations for phenotypes A2H1 and A1H2, with the ORs for parent pairs being 1.7 and 2.5, respectively (both P < .001). For phenotype A1H1, however, the parents were not associated (OR, 1.2; P 5 .6); that is, one cannot exclude at least part of the familial associations for phenotypes A2H1 and A1H2 being caused by nongenetic factors, but this cannot be said of phenotype A1H1.
The lack of a spousal correlation for phenotype A1H1 and the strong associations between first-degree relatives for this phenotype led us to focus our efforts on the discovery of genetic causes of asthma and hay fever by studying GWAS data based on the combined phenotype of asthma with hay fever. Specifically, we performed a meta-analysis of GWASs considering persons with both physician-diagnosed asthma and hay fever to be cases and persons with neither disease to be control subjects.
METHODS

Studies included in the GWAS of asthma with hay fever
Participants (n 5 20,776) for this study were from 4 studies (see Table E1 in this article's Online Repository at www.jacionline.org), as summarized below.
Abbreviations used A1H1: Subjects with asthma and hay fever A1H2: Subjects with asthma but not hay fever A2H1: Subjects with hay fever but not asthma A2H2: Subjects without asthma and without hay fever A1: Subjects with asthma, with or without hay fever H1: Subjects with hay fever, with or without asthma A2: Subjects without asthma, with or without hay fever H2: Subjects without hay fever, with or without asthma AAGC: Australian Asthma Genetics Consortium AD: Atopic dermatitis ALSPAC: Avon Longitudinal Study of Parents and Their Children GWAS: Genome-wide association study LD: Linkage disequilibrium MAF: Minor allele frequency OR: Odds ratio QC: Quality control SNP: Single nucleotide polymorphism Informed consent was obtained from all participants, and the study protocols were reviewed and approved by the appropriate ethics committees.
Australian Asthma Genetics Consortium (n 5 2,137).
A total of 2,669 case subjects of European ancestry with physician-diagnosed asthma and 4,528 control subjects of European ancestry without asthma were genotyped for a recent GWAS of asthma described in detail elsewhere. 14 For the present study, we selected the subset of participants for whom hay fever information was also available, including 1,505 asthmatic subjects who had a history of hay fever (as cases) and 632 nonasthmatic subjects without a history of hay fever (as control subjects Avon Longitudinal Study of Parents and Their Children (n 5 2,800). The Avon Longitudinal Study of Parents and Their Children (ALSPAC) is based on a longitudinal population-based birth cohort recruited through pregnant women residing in Avon, United Kingdom, with an expected delivery date between April 1, 1991, and December 31, 1992. 25 Fourteen thousand five hundred forty-one pregnant women were initially enrolled, with 14,062 children born. Cases (n 5 668; mean age, 14 years; 42% female) were reported by their mothers to have a lifetime doctor's diagnosis of asthma on questionnaires completed when the children were age 7½ or 14 years and to have hay fever (ever or current) on questionnaires completed when the children were age 11 or 14 years. Control subjects (n 5 2,132; mean age, 14 years; 52% females) were reported by their mothers to never have had asthma or hay fever on the same questionnaires. Only unrelated persons of European ancestry were included in the analysis.
Western Australian Pregnancy Cohort (Raine, n 5 767). Recruitment for the Raine cohort has previously been described in detail. [26] [27] [28] In brief, between 1989 and 1991, 2,900 pregnant women were recruited before 18 weeks' gestation into a randomized controlled trial to evaluate the effects of repeated ultrasound in pregnancy. The resulting children have since been comprehensively phenotyped from birth to 21 years of age by trained members of the Raine research team. Data collection has included questionnaires completed by the child's primary caregiver and by the adolescent from age 14 years, physical assessments by trained assessors at all follow-up years, and DNA collection from the year 14 follow-up. Cases (N 5 282; mean age, 17 years; 45% female) were defined as children who were reported by their mothers on any available survey (year 5, 8, 10, 14, or 17 follow-ups) to have received a diagnosis of both asthma and hay fever by a pediatrician/specialist or general practitioner. Control subjects (n 5 485; mean age, 17 years; 51% female) were reportedly free of asthma and hay fever diagnosis across all available time points. Only persons of European ancestry were included in the analysis.
Individual GWASs
Genotyping, single nucleotide polymorphism (SNP) imputation, and association testing procedures for each of the 4 GWASs (Australian Asthma Genetics Consortium [AAGC], 23andMe, ALSPAC, and Raine) are described in detail in the Methods section in this article's Online Repository at www.jacionline.org. Briefly, 20,776 samples were genotyped with Illumina (550K, 610K, 660K or OmniExpress) arrays, and standard quality control (QC) filters were applied before imputation. Genomic coverage in each study was then expanded by imputing unmeasured variants against the HapMap and/or 1000 Genomes reference haplotypes, including the X chromosome. Autosomal SNPs directly genotyped or imputed with high confidence were tested for association with case-control status in each study while adjusting for significant covariates, such as age and sex.
Meta-analysis of GWASs
Before the meta-analysis, we excluded SNPs from each GWAS with (1) a minor allele frequency (MAF) of less than 0.01; (2) an imputation information score or r 2 value of less than 0.3; (3) outlier SE for the allelic association estimate; (4) more than 2 distinct alleles across cohorts; and/or (5) an MAF difference of greater than 0.05 between any 2 studies. After QC, results were available for 4,972,397 SNPs, of which 57.9% were present in both the AAGC and 23andMe cohorts, 42.0% in all 4 cohorts, and less than 0.1% in 3 cohorts. No correction for genomic inflation of test statistics was applied before (to individual GWASs) or after (overall results) the meta-analysis, which was performed with METAL 29 by using a fixed-effects model. The Cochran Q test was used to identify SNPs for which there was significant heterogeneity in associations across studies.
Choice of threshold for genome-wide significance testing
Through imputation based on reference panels from the 1000 Genomes Project, we were able to test 4.9 million variants for association with asthma with hay fever, including 4,180,629 common (84%, MAF > _ 0.05) and 791,768 less common (16%, 0.01 < _ MAF < 0.05) variants. As such, correction for multiple SNP testing required a more stringent genome-wide significance level threshold than the commonly used threshold of 5 3 10 28 based on approximately 1 million effectively independent common variants for Europeans, as estimated from HapMap project data. 30 Instead, we used a genome-wide significance threshold based on (1) the updated estimate of approximately 1.63 million effectively independent common variants for Europeans estimated from 1000 Genomes Project data 31 and (2) 257,403 less common variants tested, which excludes a redundant set of 534,365 highly correlated (r 2 > 0.8) less common variants. Therefore we used a P value of 0.05/(1,634,900 1 257,403) 5 3 3 10 28 as a threshold for genome-wide significance.
Association analyses stratified by asthma and hay fever status
To estimate the associations between individual variants and asthma and hay fever risks separately, we performed the following 7 additional analyses, comparing (1) asthma cases (A1) with asthma-free (A2) control subjects (ie, estimating association with asthma while ignoring hay fever status); (2) hay fever cases (H1) with hay fever-free (H2) control subjects (ie, estimating association with hay fever while ignoring asthma status); (3) asthma cases (A1) with control subjects who were asthma free and hay fever free (A2H2); (4) hay fever cases (H1) with control subjects who were asthma free and hay fever free (A2H2); (5) asthma without hay fever cases (A1H2) with control subjects who were asthma free and hay fever free (A2H2); (6) hay fever without asthma cases (A2H1) with control subjects who were asthma free and hay fever free (A2H2); and (7) asthma without hay fever cases (A1H2) with hay fever without asthma (A2H1) cases. All 4 GWASs described above (AAGC, 23andMe, ALSPAC, and Raine) contributed to these analyses, which included an additional 2,320 (AAGC), 9,821 (23andMe), 2,513 (ALSPAC), and 508 (Raine) samples that were not part of the asthma with hay fever GWAS, as detailed in Table E3 in this article's Online Repository at www. jacionline.org. These analyses were restricted to variants found to be associated with asthma with hay fever at the genome-wide significance level (P < _ 3 3 10 28 ).
Replication study
Variants associated with asthma with hay fever at the suggestive significance level (3 3 10 28 < P < _ 5 3 10 26 ) were followed up by using GWAS data from an additional 3,333 persons (878 cases and 2,455 control subjects, see Table E4 in this article's Online Repository at www.jacionline. org) who completed the 23andMe asthma survey described above after the meta-analysis of GWASs was finalized. As such, data from these persons were not available to be included in the 23andMe discovery GWAS. Ascertainment of participants, determination of disease status, and genotyping were as described above for the 23andMe study. The 3,333 persons were confirmed to be unrelated (to each other and to the 23andMe discovery set) and of European ancestry through analysis of genome-wide allele sharing.
RESULTS
Eleven variants associated with risk of having asthma with hay fever
We performed a GWAS using 4 independent studies (see Table E1 ), with cases (N 5 6,685) defined as persons who reported a lifetime doctor's diagnosis of asthma and also hay fever (see Table E2 ). Control subjects (n 5 14,219) were persons who had a diagnosis of neither asthma nor hay fever.
After QC, association results for 4.9 million SNPs were meta-analyzed by using a fixed-effects model. The ratio of the observed to the expected median association x 2 statistic (l) was 1.061 (see Fig E1 in this article's Online Repository at www. jacionline.org), corresponding to a rescaled 32-34 l 1000 of 1.007, which might be consistent with the effects of residual technical artifacts, a polygenic component to disease risk, or both. 35 Because these effects could not be distinguished and the inflation was modest, genomic control was not used to adjust the observed association results.
Eleven independent (r 2 < 0.1) SNPs located in 10 chromosomal regions had P values exceeding our genome-wide significance threshold of 3 3 10 28 (Table I and see Fig E2 in this article's Online Repository at www.jacionline.org). All 11 associations would have been genome-wide significant had genomic control been applied (see Table E5 in this article's Online Repository at www.jacionline.org). Of these, 9 SNPs were located in or near established risk loci for allergic disease, namely HLA-DQB1 (P 5 4 3 10 214 ), TLR1 (P 5 5 3 10 212 ), WDR36 (P 5 3 3 10 211 ), LRRC32 (P 5 5 3 10 211 ), IL1RL1 (P 5 4 3 10 211 ), GSDMA (P 5 4 3 10 210 ), TSLP (P 5 10 29 ), IL33 (P 5 2 3 10 29 ), and SMAD3 (P 5 4 3 10 29 ).
The remaining 2 SNPs were located in loci with variants previously reported to be associated with allergic disease at the suggestive (P < _ 5 3 10 26 ) but not genome-wide level of significance. These include rs7009110 (OR per allele, 1.14; P 5 4 3 10 29 ), which is 106 kb upstream of ZBTB10 on chromosome 8q21 (see Fig E3 in this article's Online Repository at www.jacionline.org), and rs62026376 (OR, 1.17; P 5 10 28 ), which is located in intron 21 of CLEC16A on chromosome 16p13 (see Fig E4 in this article's Online Repository at www. jacionline.org). The direction of association for both variants was the same in all 4 studies (see Table E6 in this article's Online Repository at www.jacionline.org).
A variant in linkage disequilibrium (LD; r 2 5 0.52) with the sentinel SNP in ZBTB10 was recently reported to be associated with atopic dermatitis (AD), 36 with a consistent but weaker association (rs7000782; OR per allele, 1.09; P 5 10 26 ). The association we observed with asthma with hay fever remained when analyzing a subset of eczema-free subjects (see Table E7 in this article's Online Repository at www.jacionline.org), suggesting that it was not driven by eczema status.
Similarly, a recent GWAS of hay fever 22 reported a suggestive association with rs887864 (OR, 1.16; P 5 1 3 10 26 ), a variant in LD (r 2 5 0.53) with the CLEC16A sentinel SNP. This region was also reported to be associated with AD at a near-suggestive level by a Japanese study (rs9923856; OR, 1.17; P 5 6 3 10 26 ; r 2 with sentinel SNP 5 0.50 for Europeans and 0.28 for East Asians). 37 The published direction of association with hay fever and AD was the same as that observed in our study.
Association with asthma and hay fever risks
The 11 variants above were also associated (P < .05) with the risk of both asthma (A1 vs A2) and hay fever (H1 vs H2) when each disease was considered as a separate phenotype. However, for all variants, the estimated associations with asthma and hay fever were weaker than with the combined asthma with , and rs62026376 were not tested in ALSPAC (n 5 2,800) and Raine (n 5 767), and therefore results for these 3 SNPs are based on the AAGC (n 5 2,137) and 23andMe (n 5 15,072) studies. The most significantly associated SNPs in LD (r 2 > 0.5) with each of these 3 SNPs and available in all 4 studies were rs6906021 (risk allele C; OR, 1.16; P 5 3 3 10 211 ; heterogeneity test, P 5 .73), rs1342326 (risk allele C; OR, 1.17; P 5 2 3 10 27 ; heterogeneity test, P 5 .73), and rs12935657 (risk allele G; OR, 1.15; P 5 5 3 10 28 ; heterogeneity test, P 5 .33), respectively. hay fever phenotype (see Table E8 in this article's Online Repository at www.jacionline.org). Three (ZBTB10, SMAD3, and CLEC16A) of the 11 associations did not reach the genome-wide significance threshold when asthma and hay fever were considered separately, even when restricting the analysis to asthma-free and hay fever-free control subjects (A1 vs A2H2 and H1 vs A2H2, see Table E8 ).
When considering the associations on the mutually exclusive phenotypes of asthma without hay fever (A1H2 vs A2H2) and hay fever without asthma (A2H1 vs A2H2), there were notable differences for 3 variants (Fig 1 and see Table E8 ). First, the LRRC32 variant was associated with an increased risk of hay fever without asthma (OR, 1.08; 95% CI, 1.04-1.12) but not asthma without hay fever (OR, 1.00; 95% CI, 0.94-1.06). The difference in risk allele frequency between A1H2 cases and A2H1 cases was statistically significant (P 5 .014, see Table  E9 in this article's Online Repository at www.jacionline.org), indicating that the association with hay fever risk per se is stronger than that with asthma risk per se. In the AAGC study the prevalence of allergic sensitization to a common allergen (ie, atopy) was only modestly higher for A2H1 cases (112/160 [70%]) when compared with A1H2 cases (277/440 [63%]). As such, differences in atopy status might contribute to but are unlikely to fully explain the weaker association observed in the A1H2 group. Second, the GSDMA and TSLP variants were associated with risk of asthma without hay fever (OR of 1.14 and 1.15 and 95% CI of 1.07-1.22 and 1.07-1.24, respectively) but less so with risk of hay fever without asthma (OR of 1.02 and 1.03 and 95% CI of 0.98-1.06 and 0.98-1.07, respectively). In both situations the difference in risk allele frequency between A1H2 cases and A2H1 cases was statistically significant (P 5 .0003 and P 5 .004, respectively; see Table E9 ). These results suggest that the GSDMA and TSLP variants are stronger risk factors for asthma than for hay fever.
Association between asthma and variants in the region of ZBTB10 and CLEC16A in the GABRIEL GWAS Next, we investigated whether publicly available results from the GABRIEL asthma GWAS 11 could provide independent support for the association we observed for variants in the region of ZBTB10 and CLEC16A. After excluding 2 overlapping cohorts (ALSPAC and Busselton), leaving 9,360 cases and 14,692 control subjects, a consistent association was observed between asthma risk and 2 proxy SNPs (r 2 > 0.8) in both loci: rs6473226 upstream of ZBTB10 (OR, 1.07; P 5 .003) and rs17673553 in CLEC16A (OR, 1.07; P 5 .004; see Table E10 in this article's Online Repository at www.jacionline.org). These results, together with the genome-wide significant association observed in our meta-analysis and the previous reported associations with hay fever and AD, establish the ZBTB10 and CLEC16A regions as containing bona fide genetic risk factors for allergic disease.
LD with nearby coding, regulatory, or other disease-associated variants
To provide some insight into the potential molecular mechanisms underlying the associations with variants in the ZBTB10 and CLEC16A regions, we searched for nearby variants in LD (r 2 > _ 0.3) with the sentinel SNPs at each locus using data for 379 persons of European descent from the 1000 Genomes Project. We focused on potentially deleterious (ie, nonsynonymous, missense, and splice site) coding variants and SNPs reported to influence gene expression levels, [38] [39] [40] [41] [42] immune cell levels, 43, 44 or other inflammatory or immune-related diseases. 9 For the CLEC16A locus, we identified a variant in LD (r 2 5 0.95) with the sentinel SNP that reportedly influences the expression of the nearby DEXI gene (rs12935657, P 5 2 3 10 218 ) in monocytes. 41 The rs62026376:C allele associated with an increased asthma with hay fever risk is in phase with the rs12935657:G allele, which decreases DEXI expression. We also identified 2 variants that were associated (P < .005) with the numbers of peripheral blood CD56 1 natural killer T cells (rs3901386) and eosinophils (rs9652582, see Table E11 in this article's Online Repository at www.jacionline.org). The rs62026376:C allele was in phase with the rs9652582:G allele, which is associated with increased eosinophil levels. Lastly, the sentinel SNP was found to be in moderate LD with established type 1 diabetes (rs12708716) and multiple sclerosis (rs7200786) risk-associated variants (see Table E12 in this article's Online Repository at www.jacionline.org), with the same direction of association for both diseases. We did not identify any noteworthy variants in LD with the ZBTB10 sentinel SNP apart from the variant (rs7000782) previously reported to be associated with AD. 36 
Suggestive associations
An additional 19 independent SNPs were associated with asthma with hay fever risk at a suggestive significance level (3 3 10 28 < P < _ 5 3 10 26 ) in our meta-analysis (see Table E13 in this article's Online Repository at www.jacionline.org). Of these, 4 are located in regions in which other SNPs have been found to be associated with allergic disease, namely SNPs located in or near SLC25A46 (rs3853750), IL33 (rs343496), IKZF3 (rs12450323), and LRRC32 (rs1320644). We studied these 19 SNPs using a Effect (OR 6 95% CI) of the top 11 loci on the mutually exclusive phenotypes of asthma without hay fever (A1H2) and hay fever without asthma (A2H1). Results are based on the comparison between 14,091 control subjects (no asthma and no hay fever, A2H2) and either 2,776 asthma without hay fever (A1H2) cases or 9,301 hay fever without asthma (A2H1) cases.
further 878 cases and 2,455 control subjects (see Table E4 ), but no single SNP was found to be associated with disease after taking into account multiple testing (see Table E14 in this article's Online Repository at www.jacionline.org). We nonetheless highlight the following 2 loci as those with the strongest evidence for association (P < 10 26 ) from the combined analysis of discovery and replication cohorts: rs41295115 (MAF, 5%; OR per allele, 1.28; P 5 5 3 10 27 ), a variant located between IL2RA and RBM17, and rs76043829, which is located in TNS1 (MAF, 13%; OR per allele, 1.23; P 5 2 3 10 26 ), a locus previously reported to contain SNPs associated with lung function. 45 
DISCUSSION
By explicitly considering the combined phenotype of asthma with hay fever, we identified 11 independent variants with genome-wide significant associations with disease risk using a relatively modest sample size (20,776 samples). Among these were variants in the 8q21 and 16p13 regions, which we have now established as containing bona fide genetic risk factors for allergic disease.
The 8q21 region had recently been identified as containing variants associated with AD by means of a meta-analysis of GWASs, but this was not validated by a replication study. 36 For this reason, variation in that locus was not designated as a confirmed risk factor for AD and therefore, more generally, for allergic disease. We extended this original observation by finding that a common variant (MAF of approximately 40%) in this region was associated with a per-allele 1.14-fold increased risk of having asthma with hay fever. This association was independently supported by results from the GABRIEL asthma GWAS. 11 Taken together, these results confirm that there are genetic variants associated with allergic disease in the 8q21 region near ZBTB10. The association with asthma was still detectable when persons with eczema were excluded (OR per allele, 1.16), suggesting that it was not confounded by eczema status. Conversely, further studies are required to establish whether the reported association with eczema 36, 37 is independent of or confounded by asthma/hay fever status.
We did not identify any nearby potentially functional variants in LD with the sentinel SNP in the 8q21 locus that could provide insight into the molecular mechanisms underlying this association. The 2 closest genes are ZBTB10 (106 kb away) and TPD52 (216 kb); to our knowledge, there is no known biological evidence linking either gene with allergic disease. ZBTB10 is a putative repressor of the Sp1 transcription factor, 46 which regulates multiple immune-related genes [47] [48] [49] [50] ; as such, ZBTB10 might underlie the observed association with rs7009110. Further studies are needed to clarify the cause of this SNP association.
The second region that our results suggest contains variants associated with risk of the combined asthma with hay fever phenotype is on chromosome 16p13, with the sentinel SNP located in intron 21 of the CLEC16A gene and associated with an increased risk of 1.17-fold per allele. This is an established susceptibility locus for autoimmune diseases, with different risk SNPs reported for type 1 diabetes (OR, 1.23; MAF, 0.32), 51 multiple sclerosis (OR, 1.15; MAF, 0.49), 52 and primary biliary cirrhosis (OR, 1.32; MAF, 0.32). 53 Variants in this region have also been previously reported to be associated at the suggestive level of significance with hay fever (OR, 1.16; MAF, 0.37) 22 and AD (OR, 1.17; MAF, 0.19). 37 The different diseaseassociated variants are in moderate LD with each other (0.1 < r 2 < 0.6), but the predisposing alleles are all in phase, suggesting that the underlying causal variant or variants have the same direction of effect on both autoimmune and allergic diseases.
Although being located in an intronic region of the CLEC16A gene, variants in LD with our sentinel SNP have previously been found to be associated with the expression of the nearby DEXI gene in monocytes. 41 The allele associated with an increased risk of asthma with hay fever decreases DEXI expression, which is consistent with recent reports for autoimmune diseaseassociated variants. 54, 55 This suggests that DEXI is a plausible causal gene underlying the observed association with allergic disease. DEXI is expressed in the lung, as well as in relevant immune cell types, such as CD4 1 T cells and B cells. 54 However, its function is unknown, and therefore studying its role in the immune system might provide new insights into the cause of allergic disease. In this respect it is noteworthy that the allele associated with an increased risk of asthma with hay fever and decreased DEXI expression is also associated with increased peripheral blood eosinophil levels.
While this work was under review, 2 large-scale GWASs of allergic sensitization 56 and self-reported allergy 15 were published. Variants in strong LD with rs7009110 (8q21) and rs62026376 (16p13) were found to be associated at the suggestive significance level with self-reported allergy in the Hinds et al 15 GWAS, which is consistent with our results. However, the agreement between results from Hinds et al and our asthma with hay fever GWAS was expected given the extensive overlap between the samples included in these 2 studies.
Each of the 11 variants identified in the meta-analysis of asthma with hay fever had a significant but weaker association with asthma and hay fever when both diseases were considered as separate phenotypes. For 3 variants (in/near ZBTB10, SMAD3, and CLEC16A), the association did not reach the genome-wide significance level for risks of asthma or hay fever, despite the larger number of samples (up to 13,000 more) included in the analyses. These results highlight the benefit of considering the combined asthma with hay fever phenotype when searching for variants that influence the risk of both diseases. An additional analysis that we did not consider but that might prove useful to identify shared genetic risk factors is to compare asthma or hay fever cases with control subjects who were both asthma and hay fever free. A similar approach has been successful in identifying risk variants shared between patients with Crohn disease and those with ulcerative colitis. 57 Because the association with asthma risk is confounded by hay fever status and vice versa, we also analyzed the 2 mutually exclusive phenotypes of asthma without hay fever and hay fever without asthma to compare the association of each variant with the 2 separate diseases. We found that the TSLP and GSDMA variants have stronger associations with the risk of asthma, whereas the LRRC32 variant has a stronger association with the risk of hay fever.
Our study has identified novel suggestive associations that warrant follow-up, of which we highlight those 20 kb upstream of IL2RA (rs41295115) and in TNS1 (rs76043829). IL2RA is an established risk locus for multiple autoimmune diseases [58] [59] [60] [61] [62] [63] ; however, the asthma-associated variant is independent (r 2 < 0.1) of all reported autoimmune risk variants. The variant we identified in TNS1 is close to but also independent of (r 2 < 0.1) a variant reported to be associated with FEV 1 . 45 Interestingly, the putative asthma risk variant is 307 kb upstream of CXCR2, a gene that encodes the b chain of the IL-8 receptor, which is the major mediator of neutrophil migration to sites of inflammation 64 and represents a promising drug target for asthma. 65 In conclusion, we have shown that genetic risk factors for allergic disease are located in or near ZBTB10 and CLEC16A. For both associations, there is no functional evidence directly linking any nearby gene with allergic disease; further investigations of the molecular mechanisms underlying both associations might identify previously unrecognized pathways in the pathogeneses of asthma and hay fever. This study has also shown that by focusing GWASs on phenotypes with stronger evidence of a (stronger) genetic cause, greater understanding of the genetic causes of conditions can be discovered. Clinical implications: Our results implicate ZBTB10, CLEC16A, or other nearby genes in the cause of asthma and hay fever. These might be part of previously unrecognized pathways in the pathogeneses of allergic disease.
